ABSTRACT The rice water weevil, Lissorhoptrus oryzophilus Kuschel, is the most destructive insect pest of rice in the United States. Degree-day (DD) models were developed to predict the emergence date of adult rice water weevils from overwintering in the spring and to describe larval and pupal development on two varieties of rice under Þeld conditions. The model that best described emergence of weevils from overwintering was derived from 14 yr of light trap captures. The temperature threshold for the best-Þt model was 15.6ЊC, the start date for the model (date at which degree-day accumulation begins) was 33 d after 1 January, and the end point for the model was a cumulative light trap capture of six weevils. By using these parameters, emergence of weevils occurred after accumulation of 139.2 DD (ЊC ϫ day). The model predicted emergence of weevils in 2001, 2002, 2003, and 2004 with an error of 4, 7, 1, and 2 d, respectively. For the model describing larval development, the number of degree-days required for development from egg to 50% pupation was 359.1 Ϯ 19.4 DD (ЊC ϫ day) with a low temperature threshold of 10ЊC. The number of degree-days required for pupal development was 264.3 DD (ЊC ϫ day), and the total degree-days required for development of one generation was Ϸ623.4 DD (ЊC ϫ day). Larval development did not differ on cultivars ÔJeffersonÕ and ÔBengalÕ.
THE RICE WATER WEEVIL, Lissorhoptrus oryzophilus Kuschel, is the most destructive insect pest of rice in the United States and has recently assumed global importance due to its introduction into rice-producing regions of Asia (Heinrichs and Quisenberry 1999) . Adult weevils overwinter in clumps of bunch grass or in leaf litter in wooded areas with their ßight muscles in a degenerate state. Regeneration of ßight muscles and emergence of weevils from overwintering in spring are dependent on temperature (see below). After emergence from overwintering, adults feed on young rice leaves in ßooded or unßooded Þelds, leaving feeding scars parallel to the venation of rice leaves. Oviposition commences when Þelds are ßooded (Everett and Trahan 1967) . Larvae may feed on or in leaves for a short period after eclosion, but eventually they move down to the roots. It is larval feeding on or in roots that causes the majority of yield loss (Way 1990) . Larvae progress through four instars and a pupal stage on roots (Cave et al. 1983 , Smith 1983 . The rice water weevil is multivotine in southern Louisiana (Shang et al. 2004) . Root pruning by larvae results in reductions in vegetative growth, tillering, grain number, and grain weight (Zou et al. 2004a) . Yield losses caused by L. oryzophilus in Louisiana, where this insect is a particularly severe pest, typically exceed 10%, and can reach 25% or more under severe infestations (Smith 1983 , Stout et al. 2001 .
Development of effective management strategies for L. oryzophilus will depend upon an understanding of the life history and population dynamics of this pest. For example, understanding rice water weevil oviposition behavior and, in particular, the dependence of oviposition on the presence of ßood has led to investigations of delayed ßooding as a control tactic for the weevil (Everett and Trahan 1967; Rice et al. 1999; Stout et al. 2001 Stout et al. , 2002a . Many behaviors and events in the life histories of insects can be predicted using temperature-dependent (degree-day) models, because development of poikilotherms is directly related to temperature and time (Higley et al. 1986 ). Thus, development of appropriate degree-day models may facilitate the development of management strategies for the rice water weevil in rice.
Two aspects of the life history of the rice water weevil that remain poorly understood are the initial emergence of adults from overwintering sites in spring and the development of immature weevils on rice roots. Morgan et al. (1984) found that the threshold for development of ßight muscles in overwintering weevils in the laboratory was between 15 and 18ЊC, whereas Matsui (1985) estimated the low-temperature threshold for ßight muscle development to be 13.8ЊC. Field observations of initial spring emergence range from late March to mid-April in Arkansas and Louisiana (Morgan et al. 1984 , Shang et al. 2004 , and initial emergence seems to be associated with the occurrence of several days with a mean daily temperature in excess of 15.6ЊC (Muegge et al. 1996) . However, no quantitative models have been developed to predict the date of initial emergence in Louisiana. Similarly, little quantitative research has been conducted on the development of immature stages of weevils under Þeld conditions. Raksarart and Tugwell (1975) measured the length of the egg stage at several temperatures in the laboratory. They found that 4, 6, and 9 d were required for eggs to hatch at 35, 30, and 25Њ, respectively. The duration of the larval stage was estimated to range from 16 to 26 d on two rice genotypes by Cave et al. (1984) by periodically sampling rice plots in the Þeld. Data from these two studies, however, are not adequate to quantify the development of a single generation of L.oryzophilus under Louisiana Þeld conditions. Duration of the egg stage estimated in the laboratory may not represent development under Þeld conditions, and Cave et al. (1984) did not record the development rate of discrete instars of larvae and pupae relative to soil temperature. In addition, no studies have been conducted to compare development on recent commercial cultivars that differ in their resistance to the rice water weevil.
The objectives of this study were to develop quantitative degree-day models to predict the emergence date of adult L. oryzophilus from overwintering sites in the spring and to describe larval and pupal development of weevils on two cultivars of rice under Þeld conditions. The varieties used for the latter study, ÔJeffersonÕ and ÔBengalÕ, had previously been shown to differ in their resistance to the rice water weevil (Stout et al. 2001) . These models will provide basic information for the establishment of a pest management program for the rice water weevil that integrates the use of insecticides, cultural practices, and plant resistance.
Materials and Methods

Degree-Day Model to Predict Spring Emergence.
The model was developed using light trap and weather data collected over 14 yr at the Rice Research Station, Louisiana State University Agricultural Center, Crowley, Acadia Parish, LA. The light trap was located between a wooded area and rice Þelds and was equipped with a 75-Watt incandescent light bulb and a photo-switch that turned the light on at dusk. Weevils were trapped nightly into 1-liter mason collection jars and were collected the next morning. Collected insects were killed by freezing and then dried in an oven and refrozen until counted. Data were collected for Ͼ14 yr, but only data from those years without missing records were used for model development. In addition, beginning in 2001, a UV light trap with a 4-Watt bulb (model 2827D, BioQuip, Gardena, CA) was set up near experimental plots at the Rice Research Station. The light trap was connected to a bottle rotator (model 1512, John W. Hock Company, Gainesville, FL) that automatically rotated the bottles daily at dusk as determined by a programmable timer. Weevils were collected from early March through the end of the growing season in 2001, 2002, 2003, and 2004 . These 4 yr of data were used to verify the model developed from the 14-yr data set discussed above. Daily maximum and minimum temperatures were obtained from a weather station at the Rice Research Station.
Degree-days were calculated using the single sine method developed by Allen (1976) . This method is more accurate than the traditional triangular method when minimum daily temperatures are below the development threshold (Pruess 1983) . The parameters of the model consisted of the low temperature threshold for degree-day accumulation, the cumulative number of weevils captured in light traps (end point), and the start date for accumulation of degree-days. An iterative procedure was used to determine the combination of values for these parameters that minimized the difference between predicted and actual dates of emergence. A previous laboratory study conducted using weevils from Arkansas found signiÞcant regeneration of ßight muscles at 18ЊC but not at 15ЊC (Morgan et al. 1984) , and Matsui (1985) determined the threshold for wing muscle development to be 13.8ЊC. For the purpose of model development, temperature thresholds were varied from 10 to 21ЊC, a range inclusive of the thresholds for muscle regeneration found by both Matsui (1985) and Morgan et al. (1984) . The end point for the model, cumulative catches of weevils, was varied from 1 to 10. Start dates for accumulating degree-days were varied from 1 to 60 d after 1 January. In total, 12,000 combinations of these three parameters were used.
The iterative procedure was implemented using C programming language (compiled by Microsoft Visual Cϩϩ 6.0). For each combination of parameters, the number of degree-days required to reach the emergence event was calculated for each of the 14 yr. A mean value was obtained by averaging the degreedays required to reach the emergence event over these 14 yr. The predicted date of event occurrence for each year was determined using this mean degreeday value. The predicted date of event occurrence was then compared with the actual date of event occurrence. The root mean square error (RMSE) of the difference (in days) between actual date of event occurrence and predicted date of event occurrence was calculated. The RMSE (RMSE ϭ (͌((⌺(predicted date Ϫ actual date) 2 )/14)) was used to measure how well the model predicted the date of event occurrence for each combination of parameters (the smaller the RMSE, the better the Þt of the model). The combination of parameters having the smallest RMSE was chosen as the best-Þt combination of parameters.
For model veriÞcation, the best-Þt combination of parameters was used to calculate the predicted emergence date for 2001, 2002, 2003, and 2004 . Predicted dates were compared with actual dates.
Larval Development Study. Experiments were conducted in 2003 at the Lousiana State University Ag Center Rice Research Station. The soil type was a silt loam (Þne, montmorillonitic, thermic typic albaqualf). Three separate experiments were conducted throughout the growing season in an attempt to obtain adequate replication over a range of soil temperatures. Plots of rice measured 1.2 by 6 m and consisted of seven rows of drill-seeded rice. A seeding rate of 90 kg ha Ϫ1 was used. In all three experiments, the intended experimental design was a randomized complete block with two cultivars (treatments), ÔBengalÕ and ÔJeffersonÕ, and four replications. However, in the Þrst experiment, seeds of ÔJeffersonÕ failed to germinate, leaving only four plots of ÔBengalÕ. ÔJeffersonÕ and ÔBen-galÕ are recently introduced cultivars that had been previously shown to differ in their resistance and tolerance to the rice water weevil (Stout et al. 2001, Stout and Riggio 2002) . For the Þrst experiment, rice was seeded on 26 March and plots were irrigated on 1 April to encourage synchronous emergence. Permanent ßood was applied on 1 May. For the second experiment, rice was seeded on 8 May, irrigated on 14 May, and ßooded on 5 June. For the third experiment, rice was seeded on 27 May, irrigated on 29 May, and ßooded on 3 July. Total nitrogen fertilization rate was 68 kg N ha Ϫ1 for all three experiments, with all nitrogen applied before ßooding. Other agronomic practices used were typical of those used in southwestern Louisiana.
Rice plots were left untreated for one week after permanent ßooding to allow mating and oviposition by natural infestations of weevils. After this 1-wk oviposition period, Karate (lambda-cyhalothrin, Syngenta) was applied three times in the subsequent week at a rate of 0.057 kg (AI)/ha to eliminate adults and prevent subsequent oviposition. Dates of Karate applications were as follows: 8, 12, and 16 May for the Þrst experiment; 12, 17, and 20 June for the second experiment; and 11, 14, and 16 July for the third experiment. Larvae and pupae of L. oryzophilus were collected at several time points after the cessation of Karate applications by removing rice plants from plots. For experiment 1, immature weevils were collected 14, 20, 22, and 25 d after ßooding; for experiment 2, immatures were collected 15, 18, 22, and 25 d after ßooding; and for experiment 3, immatures were collected 15, 20, 22, 25, 29, 34 , and 36 d after ßooding (the later collections were used to monitor pupal development; see below). The number of larvae collected on each sampling date ranged from 10 to 30 per plot. To collect larvae, plants were placed into 40 mesh screen sieve buckets, and soil was washed from roots. Buckets were placed into basins with water, and larvae were collected as they ßoated to the water surface (Stout et al. 2001) . A waterproof temperature logger (HOBO, Onset Computer Corporation, Bourne, MA) was placed in the soil before the beginning of experiments to record the soil temperature once every 10 min.
Head capsules of collected larvae were measured under a microscope equipped with an eyepiece micrometer (MA524, 1 mm divided into 100 U for a minimum unit of 0.01 mm, Meiji Techno America, San Jose, CA). Larvae were categorized into instars using the classiÞcation method of Cave and Smith (1983) in which the head capsule widths of each instar were as follows: Þrst, 0.14 Ð 0.19 mm; second, 0.19 Ð 0.27 mm; third, 0.27Ð 0.39 mm; and fourth, 0.39 Ð 0.60 mm.
Data on the width of head capsules were analyzed using a repeated measures mixed model in SAS (Littell et al. 1996) . This model was suitable for this set of data because data were sampled from each experimental unit (plot) several times over the course of the growing season. The model considers block (replicate) as a random effect, and variety, sampling time, and interaction terms as Þxed effects. Data analyses were conducted using PROC MIXED of SAS (Littell et al. 1996) .
In the third experiment, pupae were collected on the dates given above, and pupal development was monitored. Pupae were placed into three categories: prepupa, pupa, and postpupa. The prepupa was characterized by the presence of a fourth instar inside the cocoon (Chapman 1998) . The pupal stage is the stage when the features of the adult become recognizable in the pupa (Chapman 1998) . The postpupa was deÞned in this study as the stage shortly before emergence of adults, characterized by a nearly fully developed adult of light yellow color inside the cocoon.
The starting point for calculating degree-days for larval development was set at noon on the third day after ßooding, and the end point was deÞned as the day when 50% of the weevils reached the prepupal stage. Oviposition was assumed to have been evenly distributed throughout the Þrst week, and oviposition was assumed to have ceased once Karate applications were made. Therefore, noon of the third day after ßooding approximates the time at which one-half of the eggs were deposited. Under the assumption of no temperature change in a 10-min period in rice Þelds, a degreeday value for each day was calculated by summing the effective heat units (recorded temperature Ϫ low temperature threshold) for all 10-min intervals and then dividing by 144 (number of 10-min intervals per day). The start date for pupal development for the purpose of model development was deÞned as the date at which 50% of insects were in the prepupal stage. The end point of pupal development was deÞned as the time when 50% of the weevils reached the postpupal stage. Degree-days for pupal development were calculated in the same manner as degree-days for larval development.
The low temperature threshold for L. oryzophilus larval and pupal development was chosen based on temperature thresholds for closely related species and on typical soil temperatures in Louisiana rice Þelds. Developmental thresholds for other members of the Curculionidae range from 7.0 to 13.3ЊC (Guppy and Mukerji 1974 , Simonet and Davenport 1981 , Cacka 1982 , Woodson and Eldelson 1988 , Reissig et al. 1998 , Mazzei et al., 1999 . The two most closely related species for which threshold data are available are in the genus Listronotus (Marvaldi et al. 2002) . The temperature threshold for immature development in this genus was 7.0ЊC (Simonet and Davenport 1981) and 13.3ЊC for L. oregonensis and L. texanus, respectively (Woodson and Eldelson 1988) . These two species are, like L. oryzophilus, root-feeding weevils. In Crowley, LA, the minimum soil temperature after the end of January was always above 10ЊC (McClain and Sonnier 2001) . Given the latter fact, and the range of thresholds reported for closely related species, 10ЊC was chosen as a reasonable low temperature threshold for L. oryzophilus.
Degree-days required for larval development were calculated using the start point, end point, and temperature threshold described above. Because data on larval development were similar among varieties and among plots in an experiment, a single degree-day calculation was made for each of the three experiments. The Þnal degree-day model was obtained by averaging the values obtained from the three experiments.
Results
Predicting Emergence Date. The smallest RMSE of 5.01 d was found using the following parameters: date to begin accumulating degree-days, 2 February (33 d after 1 January); temperature threshold, 15.6ЊC; and end point, cumulative light trap capture of six weevils. By using these parameters, emergence of weevils (deÞned as the date when the cumulative total of weevils captured in light traps exceeded Þve weevils) occurred after an accumulation of 139.2 DD (ЊC ϫ day). The predicted dates of emergence using this model were 4, 20, 18, and 7 April for 2001 4, 20, 18, and 7 April for , 2002 4, 20, 18, and 7 April for , 2003 4, 20, 18, and 7 April for , and 2004 . The actual dates of emergence were 8, 13, 17, and 5 April for 2001, 2002, 2003, and 2004, respectively . Prediction errors were 4, 7, 1, and 2 d, respectively, for these 4 yr (Fig. 1) .
Larval Development Study. The mean daily soil temperature increased 7ЊC from the Þrst experiment (May) to the third experiment (August) (Fig. 2) . Soil temperatures were relatively stable during each experiment. The temperature variance within each day was Ͻ0.25ЊC for 99% of the recorded days. As expected, widths of head capsules and average instar increased with time (Fig. 3) as indicated by the signiÞcant effect of sampling time on head capsules widths (Table 1) . In experiment 1, 46.8% of weevils were in the pupal stage 22 d after ßooding. In experiment 2, 40.0% of weevils were in the pupal stage 22 d after ßooding, and 86.6% of weevils were in the pupal stage 25 d after ßooding. In experiment 3, 39.3% of weevils were in the pupal stage 22 d after ßooding, and 60.8% of weevils were in the pupal stage 25 d after ßooding. The duration from egg (start date, 3.5 d after ßooding) to the date at which 50% of weevils were in the pupal stage was calculated by linear interpolation to be 18.5, 19.5, and 19.5 d for experiments 1, 2, and 3, respectively (Fig. 4) . In the third experiment, the duration of the pupal stage was estimated as 13 d (from 50% prepupa to 50% postpupa) (Fig. 4) . There was no signiÞcant difference in duration of larval development between the two rice varieties (Table 1) .
Using a temperature threshold of 10ЊC, the number of degree-days required for development from egg to 50% pupation was 359.1 Ϯ 19.4 DD (ЊC ϫ day). The number of degree-days required for pupal development in the third experiment was 264.3 DD (ЊC ϫ day). The total degree-days required for the development of one generation was 623.4 DD (ЊC ϫ day).
Discussion
Degree-day models were developed to describe emergence of weevils from overwintering in early spring and the duration of immature stages on rice roots in ßooded soils. The degree-day model for emergence of weevils from overwintering predicted the emergence dates in 2001 through 2004 with acceptable accuracy (on average, within 3.5 d). The larval development study clearly documented the development of the egg/larval and pupal stages relative to temperature in rice Þelds for the Þrst time. The development periods from all three experiments were similar because soil temperatures for rice ßooded in May, June, and July were fairly similar (Fig. 2) . The cumulative development period for egg, larvae, and pupae on rice root systems in this study was Ϸ32 d. Both the spring emergence and development models will assist in the development of an integrated pest management (IPM) program for the rice water weevil in Louisiana.
Two earlier quantitative or semiquantitative models were developed to describe emergence of rice water weevils from overwintering. Morgan et al. (1984) developed a degree-day model by using captures of adult weevils on sticky traps placed near overwintering sites to predict cumulative percentage of weevil emergence from overwintering. The model was based on 4 yr of data from Arkansas and 2 yr of data from Louisiana and was designed primarily to predict cumulative emergence over an entire spring and not initial emergence. The latter fact makes comparison with the model developed in the current study difÞcult. The empirical observation of Muegge et al. (1996) that "adults emerge a few days after mean temperatures exceed 15.6ЊC" (60ЊF) is less quantitative and reliable than either the current model or the Morgan et al. (1984 ) model. In 2001 , and 2003 , the actual emergence dates varied from 4 to 20 d after mean temperatures exceeded 15.6ЊC. Research to further validate the current model in south Louisiana and to extend it to other southern rice-growing regions con- tinues. In particular, research is needed to determine how the end point of the degree-day model (cumulative light trap capture of six weevils) relates to the arrival of weevils in rice Þelds. The ability to accurately forecast the arrival of weevils in rice Þelds in spring may improve the management program for this insect in two ways. First, an accurate forecast of weevil arrival in Þelds would potentially make the use of insecticides to manage weevils more efÞcient, particularly because most of the insecticides currently registered in rice for weevil control are pyrethroids targeted at the adult stage. Second, predictions of emergence dates may facilitate the use of early planting as a control tactic. Early planting has been shown to reduce losses from the rice water weevils (Thompson et al. 1994) , but the practice is not currently recommended to Louisiana farmers. Recommended planting dates can be developed based on accurate forecasts of weevil emergence that will allow rice plants to escape infestation at early stages of rice growth. Rice plants suffer greater yield losses when they are infested by weevils early in their development (Wu and Wilson 1997 , Stout et al. 2002a , Zou et al. 2004b .
The degree-day model developed from the larval development study suggests that 17Ð22 d are required for egg and larval development at temperatures found in the rice plots in the study (26 Ð31ЊC) . This is somewhat shorter than the estimate of the duration of the larval stages given by Cave et al. (1984) (16 Ð26 d) . The estimate of pupal duration given by the current study (13 d), however, is somewhat longer than a previous estimate (Smith 1983) . The duration of the entire developmental period obtained in the current study (Ϸ32 d) is very similar to a previous estimate (Smith 1983) . The current study gave a clearer picture of the duration of larval and pupal stages than previous studies because oviposition was conÞned to a 1-wk period after ßooding by applying insecticides after the initial 1-wk infestation period, something that was not done in earlier studies (Cave et al. 1984, Barbour and Muegge 1995) . This method allowed the development of a cohort of weevils to be followed more precisely.
Quantitative description of larval development provides valuable information for a weevil management program. For example, knowledge of the period during which rice is damaged by weevil larvae is critical to the design of a management program. The most damaging stages of larvae are the third and fourth instars (Wu and Wilson 1997, Stout et al. 2001) . In this study, densities of third and fourth instars peaked at 14 Ð20 d after ßooding (Fig. 4) . The presence of damaging stages of larvae within 2 wk of ßooding is earlier than suggested by earlier studies (Cave et al. 1984, Barbour and Muegge 1995) . In addition, understanding the duration of development of a weevil generation will help determine the relative timing of appearance of overwintered and Þrst generation weevils in Louisiana rice. This is important because the behavior of overwintered weevils may be different from the behavior of weevils belonging to subsequent generations. In China, the Þrst generation of L. oryzophilus migrates out of rice Þelds regardless of whether suitable food resources are abundant (Shang et al. 2004 ). The degree-day model obtained from this study can be used to estimate when Þrst generation weevils will Þrst occur each year. Different management practices may be developed for overwintered and Þrst generation weevils in future studies.
Quantifying larval development on different cultivars also may help elucidate mechanisms of host plant resistance in rice to the rice water weevil. ÔJeffersonÕ consistently supports lower densities of larvae and suffers lower yield losses than ÔBengalÕ in Þeld experiments (Stout et al. 2001) . In a recent greenhouse experiment, resistance in ÔJeffersonÕ was manifested as antixenosis (Stout and Riggio 2003) . Different rates of development on ÔJeffersonÕ and ÔBengalÕ would have provided evidence of antibiosis. However, the similarity of immature development on ÔJeffersonÕ and ÔBengalÕ in the current study indicates that antibiosis is not responsible for lower larval densities on ÔJeffer-sonÕ.
